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Nonunion is a common complication in open fractures and other severe bone injuries. Recombinant human bone
morphogenetic protein-2 (rhBMP-2) delivered on a collagen sponge enhances healing of fractures. However, the
burst release of rhBMP-2 necessitates supra-physiological doses of rhBMP-2 to achieve a robust osteogenic effect,
which introduces risk of ectopic bone formation and severe inflammation and increases the cost. Although the
concept that the ideal pharmacokinetics for rhBMP-2 includes both a burst and sustained release is generally
accepted, investigations into the effects of the release kinetics on new bone formation are limited. In the present
study, biodegradable polyurethane (PUR) and PUR/microsphere [PUR/poly(lactic-co-glycolic acid)] composite
scaffolds with varying rhBMP-2 release kinetics were compared to the collagen sponge delivery system in a
critical-sized rat segmental defect model. Microcomputed tomography analysis indicated that a burst followed
by a sustained release of rhBMP-2 from the PUR scaffolds regenerated 50% more new bone than the collagen
sponge loaded with rhBMP-2, whereas a sustained release without the burst did not form significantly more
bone than the scaffold without rhBMP-2. This study demonstrated that the putative optimal release profile (i.e.,
burst followed by sustained release) for rhBMP-2 can be achieved using PUR scaffolds, and that this enhanced
pharmacokinetics regenerated more bone than the clinically available standard of care in a critical-sized defect in
rat femora.

Introduction

Nonunion complicates many bone defects, and has an
incidence rate up to 32% in severe lower extremity in-

juries.1 To avoid nonunions, conventional management
typically involves bone grafting or lengthening procedures,
but these approaches have significant drawbacks such as
donor-site morbidity, infection, and prolonged rehabilitation.
More recently, bone has been successfully regenerated using
osteogenic factors such as recombinant human (rh) bone
morphogenetic proteins (BMPs).2–8 rhBMPs have a profound
osteogenic effect due to several different mechanisms, such
as osteoinduction,9 promotion of cell growth and differenti-
ation,10 and recruitment of osteoprogenitor cells essential for
bone development, remodeling, and repair.11

Incorporation of growth factors into scaffolds and de-
livery systems is a rapidly expanding area of research in
tissue engineering. rhBMP-2 delivered on a collagen sponge
(INFUSE� Bone Graft; Medtronic) has been approved by
FDA for posterior-lateral spine fusions, tibial fractures, and

sinus and alveolar ridge augmentations. The collagen
sponge rapidly releases the rhBMP-2,12,13 which has been
suggested to initiate the osteogenic cascade by recruitment
of osteoprogenitor cells.14 Due to this bolus release, rhBMP-
2 rapidly diffuses away from the fracture site before
achieving a critical density of newly infiltrated cells,13

thereby necessitating supra-physiological doses of rhBMP-2
for a robust osteogenic affect with an accompanying risk of
ectopic bone formation and severe inflammation in clinical
practice.7,8 Further, rapid release of rhBMP has been re-
ported to result in transient osteoclast-mediated resorption
before new bone formation in metaphyseal defects.13–15

These observations have led to suggestions that the use of a
single protein may be too simplistic an approach,16 which
are supported by a recent study showing that dual delivery
of rh-vascular endothelial growth factor and rhBMP-2
synergistically enhanced bone regeneration relative to ei-
ther factor alone.17,18 There is evidence suggesting that a
sustained delivery of rhBMP-2 enhances bone regenera-
tion, which has been attributed to its effect on a larger
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population of osteoprogenitor cells at the fracture site at
later stages following the original injury,19–21 as well as its
role in promoting vasculogenesis.22 The development of
improved delivery systems for rhBMP-2 has been re-
viewed13,23–25 and is an active area of research.

Biodegradable polyurethane (PUR) scaffolds have been
investigated as delivery systems for growth factors26–28 and
antibiotics29,30 and present several advantages. PURs are
biocompatible, moderately osteoconductive polymers that
biodegrade to noncytotoxic breakdown products
in vivo.28,31–34 They can be injected into bony defects as a
two-component liquid system, which cures in situ to form a
solid scaffold with tough mechanical properties and pre-
existing, interconnected pores.35 Further, the rate of degra-
dation can be controlled by the choice of intermediates used
in the synthesis of the scaffold.28,36 In our previous study
investigating the effects of rhBMP-2 release kinetics on bone
regeneration in a rat femoral plug model, the addition of
rhBMP-2 to the PUR scaffolds predictably resulted in more
bone formation than the blank scaffolds.37 In addition,
scaffolds that had both a burst and sustained release of
rhBMP-2 promoted significantly more new bone forma-
tion than those that only had a sustained release. This ob-
servation was attributed to the burst release of rhBMP-2
enhancing the recruitment and condensation of osteopro-
genitor cells into the scaffold.

Our previous study demonstrated that rhBMP-2 release
kinetics from PUR scaffolds affected the volume of bone re-
generated in a non-critical-sized femoral plug defect, and
that both a burst and a sustained release are beneficial.37

Although the notion that the ideal pharmacokinetics com-
prises both a burst and a sustained release is largely ac-
cepted, investigations into the effects of the release kinetics
on new bone formation are limited,25 and some studies have
not shown significant differences in new bone formation
with varying release kinetics.23,38 Further, although the lim-
itations of the collagen sponge as a carrier for rhBMP-2 have
been well documented, there is a paucity of evidence dem-
onstrating that other delivery systems with tunable release
kinetics actually regenerate more bone in an osseous defect.
Considering the limitations of the self-healing plug defect
model, in the present study we investigated the effects of
rhBMP-2 release kinetics from PUR and PUR/microsphere
composite scaffolds on new bone formation in more chal-
lenging critical-sized segmental defects in rat femora. The
objective of the study was to compare new bone formation in
the PUR scaffolds with tunable release kinetics to that of the
clinical standard of care (collagen sponge).

Methods

Experimental design

A previously described rat femoral critical-sized segmen-
tal defect model (with a length of 6 mm)4 was used to in-
vestigate the difference in bone regeneration between
rhBMP-2 delivered from a collagen sponge or from Slow or
Fast Release (SR or FR) PUR scaffolds over a 4- or 8-week
time period. The rats were divided into five groups with two
time points (n = 10): Collagen sponge and rhBMP-2 (colla-
gen + BMP), FR scaffolds and rhBMP-2 (FR + BMP), SR scaf-
folds and rhBMP-2 (SR + BMP), blank FR scaffolds, and blank
SR scaffolds. The study design is summarized in Table 1.

Materials preparation

The bovine microfibullar collagen I absorbable collagen
sponge (MedChem Products, Inc.)39 was cut under sterile
conditions into 6 · 3 · 2 mm implants, each loaded with 2mg
rhBMP-2 (RD Systems�) in solution for 15 min before im-
plantation. PUR and PUR/microsphere composite scaffolds
were prepared as reported previously37 from a two-component
reaction between lysine triisocyanate (LTI) and a resin con-
taining a polyester triol (polyol), water, catalyst, pore opener,
and stabilizer. The polyol (900 Da) was prepared from a glyc-
erol starter and a backbone comprising 70wt% e-caprolactone,
20wt% glycolide, and 10wt% D,L-lactide as published pre-
viously.11,13 The blank FR scaffolds had no further modifi-
cations. For the FR scaffolds with rhBMP-2 (FR + BMP, a
burst followed by a sustained release), lyophilized rhBMP-2
powder (60:20:1 glucose:heparin:rhBMP-2) was encapsulated
within the scaffold walls in a uniformly distributed manner
by mixing the powder with the resin before reacting with
LTI. The targeted index (the ratio of NCO to OH equiva-
lents · 100) was 115 for FR and FR + BMP scaffolds.

To prepare PUR/microsphere composite scaffolds, the
poly(lactic-co-glycolic acid) (PLGA) microspheres were first
prepared from a double emulsion (water-oil-water) technique
with or without rhBMP-2 in the first water phase as described
previously.37 PLGA (50/50, 0.58 dL/g) and PEG (4600 Da), at
a ratio of 9:1, were dissolved in DCM at polymer concentra-
tions of 5%. A glucose solution of rhBMP-2 was added to the
polymer DCM solution, followed by sonication to form the
water-in-oil emulsion. The water-in-oil emulsion was then
added to a 5% PVA solution and a homogenizer was used for
the first 100 s of stirring. Subsequently, the double emulsion
was mixed using a stir bar for another 2.5 h to evaporate the
DCM solvent. The particle size distribution was determined
by dynamic laser light scattering (Malvern ZetaSizer 3000HS),
and the spherical particle morphology was confirmed by
SEM.37 For the blank SR scaffolds, blank PLGA microspheres
were mixed with resin before reaction with LTI. For the SR
scaffolds with rhBMP-2 (SR + BMP, a sustained release with
no burst), PLGA microspheres encapsulated with rhBMP-2
were mixed with resin before the reaction with LTI. The tar-
geted index (the ratio of NCO to OH equivalents · 100) was
100 for SR and SR + BMP scaffolds. All implants were
6 · 3 mm cylindrical pieces, and each implant contained 2mg
rhBMP-2 (47mg/mL). Pore size and internal pore morphology

Table 1. Study Design for the Critical-Sized

Segmental Defects in Rat Femora

Treatment group Nomenclature 4 weeks 8 weeks

Collagen + rhBMP-2 Collagen + BMP 10 10
Fast release PUR

scaffolds + rhBMP-2
FR + BMP 10 10

Slow release PUR
scaffolds + rhBMP-2

SR + BMP 10 10

Blank fast release
PUR scaffolds

FR 10 10

Blank slow release
PUR scaffolds

SR 10 10

PUR, polyurethane; rhBMP-2, recombinant human bone morpho-
genetic protein-2.
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of the PUR scaffolds were determined using scanning electron
microscopy (Hitachi S-4200 SEM).

In vitro release experiment

Three replicates of the PUR scaffolds or collagen sponge
(*50 mg) containing rhBMP-2 were immersed in 1 mL re-
lease medium (a-MEM containing 1% BSA) contained in
polypropylene vials sealed by O-rings. BSA was included to
minimize adsorption of growth factors onto the implants and
vials,27,37 and the medium was refreshed every 24 h. Daily
release was determined using a Human BMP-2 Quantikine
ELISA kit (R&D Systems).

Surgical procedures

This study has been conducted in compliance with the
Animal Welfare Act, the Implementing Animal Welfare
Regulations and in accordance with the principles of the
Guide for the Care and Use of Laboratory Animals.

The methods used for the critical-sized defect creation and
fixation are described previously.5 Briefly, a 6-mm segmental
defect was created and stabilized in the left femur of 100
adult male Sprague-Dawley rats (Harlan; average weight
391 + 11 g, range 354–416 g). Using aseptic technique, a lon-
gitudinal incision was made, and the entire femoral shaft
was exposed using blunt dissection. A polyacetyl plate was
fixed to the surface of the femur using threaded K-wires. A
6-mm mid-diaphyseal full-thickness defect was created with
a reciprocating saw under continuous irrigation with saline.
The defects in all animals were implanted either with a BMP-
soaked collagen sponge implant or the designated PUR
scaffold for that experimental group (see above). The wound
was closed in a layered fashion. A high-resolution radio-
graph of each femur with the stabilized defect was obtained
using a Faxitron X-ray system (Faxitron X-ray Corporation
[Model: MX-20] Image settings Time: 15 Sec KV: 35 Window
Level: 3380/1250) after initial surgery to confirm proper
surgical technique and fixation. The animals were allowed
full activity in their cages postoperatively, administered ad-
equate analgesia (buprenorphine), and monitored daily for
signs of pain and infection. The animals were euthanized 4 or
8 weeks later with Fatal Plus, and the femurs were harvested
and immersed in formalin for 48 h and then 70% alcohol for
further assessment.

Outcomes assessment: Microcomputed tomography

The samples were scanned using microcomputed tomog-
raphy (microCT) SkyScan 1076 (Skyscan) at 100 kV source
voltage and 100mA source current with no filter used and at
a spatial resolution of 8.77 mm. The reconstructions were
performed using NRecon software (Skyscan) and resulted in
grayscale images that spanned a density range from 960 to
2570 mg/cm3 corresponding to gray-scale values 0–255.
DataViewer (Skyscan) was used to reslice the microCT im-
ages along coronal sections that were used to reorient the
microCT slices to be perpendicular to the axis of the femurs
and microCT thresholding was performed to include only
ossified tissues. The thresholds were selected as the histo-
gram minima between the peaks representing the formalin in
which the sample was scanned and the mineralized bone
volume (BV) of the sample. The geometric mean of the

threshold for all 100 samples in the study was used to de-
termine the threshold for separation of the mineralized tissue
from poorly mineralized tissue as 39, which corresponds to a
density of 1200 mg/cm3. This global threshold for mineral-
ized tissue recognition is equivalent to 40.3% of mature
cortical attenuation of the femoral cortex that is between the
2nd and 3rd K-wires away from the diaphyseal defect and
compares well to other mineralized callus identification
techniques.40 The tissue mineral density (TMD) was com-
puted as the weighted mineral density of all the voxels above
the mineralization threshold.

The region of interest (ROI) was registered in each sample
by selecting the first microCT axial section of the femur above
and below the defect in which the K-wire was visible and then
selecting the midpoint of this span to be the central slice of the
6 mm defect created in the femoral diaphysis. The extent of the
volume of interest was thus determined as spanning between
the axial sections 3 mm above (physiologically proximal) and
below (distal) this midpoint and these are referred to as the
defect interfaces for the purposes of the microCT analysis (Fig.
4A). Within the axial cross section, the periphery of the min-
eralized tissue that showed three-dimensional connectivity
was manually selected every 440mm (50 axial slices) and in-
terpolated in between to generate a volume of interest called
the callus volume (CV) (Fig. 4B) to evaluate differences in
tissue mineralization between the groups that demonstrated
bridging of the defect. Within these groups, the mineralized
tissue volume was also calculated for each 8.77mm slice from
the distal to the proximal interface along the 6 mm defect span
to evaluate differences in the tissue mineralization patterns
across carriers. To investigate the ability of the mineralized
tissue callus to maintain space within the femoral defect cre-
ated, a femur defect volume (DV) of interest (Fig. 4C) was
determined by adaptively interpolating the periphery of the
femur selected 880mm outside both defect interfaces. The BV
was computed using CTAn software (Skyscan) both within
the CV as well as within the 6 mm defect span but uncon-
nected to the mineralization within the CV. The ratio of the
CV to the DV was used to evaluate the efficacy of the carrier
to function as a space maintainer.

Outcomes assessment: Histology

Specimens were fixed in 10% Neutral Buffered Formalin
for 2 weeks, dehydrated, infiltrated, and embedded in me-
thylmethacrylate. Five-mm-thick central sections were cut in
the longitudinal plain and stained with modified Goldner’s
trichrome41 to differentiate between bone/soft tissue and
polymer: mineralized tissue stained dark green, osteoid and
collagen bright red, soft tissue pink to light green, and
erythrocytes bright orange. In specimens containing poly-
mer, the polymer appears as unstained white area within the
defect. For quantitative analysis of the relative areas of bone,
soft tissue, and polymer, high-resolution digital images were
acquired at 1.25 · or 20 · . The area of interest comprising the
bone defect area was defined by drawing a quadrilateral area
using the periosteal corners of the four host cortices as points
of reference. The relative areas of bone, soft tissue, and
polymer (when present) within the defect were quantified
using Metamorph software (Molecular Devices, Inc.) and
were calculated and reported as a percentage of the ROI. By
reporting all data as a percentage or proportion of the total
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ROI area (e.g., % Bone, % Soft Tissue) the data are normal-
ized and to individual section and cancels variance caused
by slight differences in defect length, width or angle that
occur as an artifact of 2D sectioning.

Statistics

All data were analyzed using SAS 9.1. Descriptive statis-
tics included mean, standard deviation, median, and inter-
quartile ranges. Data from the 4-week time point was
compared to the 8-week time point using a Student’s t-test
for parametric data and a Wilcoxon Two-Sample Test for
nonparametric data. Treatment groups were compared
within each week using an ANOVA and a Tukey’s HSD test
for post hoc pair wise comparisons. Statistical significance
was set at p < 0.05.

Results

Synthesis and characterization of the PUR scaffolds
and PLGA microspheres

The pore size and morphology of FR and SR scaffolds
were similar to values previously reported for PUR scaffolds
synthesized from LTI and hexamethylene diisocyanate tri-
mer.37 The porosity and mean pore size of the FR scaffolds
were 93.4% and 245 – 45mm, respectively. The SR scaffolds,
which had the incorporation of 1.3 mm PLGA microspheres,
had a porosity of 89.6% and pore size of 334 – 129 mm. These
results are consistent with our previous study37 demon-
strating that the PLGA microspheres did not substantially
change the morphology of the PUR scaffolds.

In vitro release profile of rhBMP-2 from collagen carrier
and PUR scaffolds

The in vitro release kinetics for the collagen, FR + BMP, and
SR + BMP scaffolds are shown in Figure 1. The cumulative re-
lease of rhBMP-2 from the collagen carrier was 92% on day 1
and reached 100% on day 2 (Fig. 1A). When rhBMP-2 was
embedded into the scaffold walls as a lyophilized powder
(FR + BMP), a burst release of 36% was observed on day 1. By

day 4, a total of 58% of the drug had been released, and a period
of sustained release until day 21 for a cumulative release of
71%. In contrast, when rhBMP-2 was encapsulated in PLGA
microspheres (1.3mm) before incorporation into the PUR scaf-
fold, the burst release was nearly eliminated (*3% on day 1),
but the sustained release period (from day 5 to 21) is similar to
that of the FR + BMP. The SR + BMP released 22% of the BMP in
21 days. The daily release plots (Fig. 1B) show that the release of
rhBMP-2 from the collagen sponge was < 1 ng/mL by day 3.
Interestingly, although the concentration of rhBMP-2 released
from FR + BMP scaffolds was an order of magnitude higher
than that release from SR + BMP scaffolds from days 1–4, by
day 5 the daily release from both scaffolds was nearly identical.
Therefore, the FR + BMP and SR + BMP delivery systems, by
design, exhibit release kinetics that are the same except for the
burst release observed during the first 4 days.

In vivo study of rhBMP-2 scaffolds and collagen
implants in rat femoral critical-sized defects

There were no animals excluded from our analysis or
complications in the in vivo experiment. Rats gained an av-
erage of 2% and 15% in weight from surgery to necropsy at
4 and 8 weeks, respectively. MicroCT analysis demonstrated
that significantly more new bone ( p < 0.001) was regenerated
in the FR + BMP group compared to all of the other groups at
the 4- and the 8-week time points (Fig. 2A). The colla-
gen + BMP group regenerated significantly more bone
( p < 0.001) than the SR, FR, and SR + BMP groups. Surpris-
ingly, the SR + BMP group did not promote more new bone
formation than either the SR or FR groups without rhBMP-2.
In addition, there were no significant increases ( p = 0.124) in
the amount of total bone regenerated at the 4-week time
point compared to the 8-week time point in any group. There
was a significant increase in bone density ( p < 0.001) between
4 and 8 weeks for all the treatment groups. In addition, bone
density in the FR + BMP treatment group was significantly
less ( p = 0.02) than the other four treatment groups (Fig. 2B).
Representative microCT images (Fig. 3) illustrate these
findings. Bridging of the defect was observed at both 4 and 8
weeks in all samples in the collagen + BMP and FR + BMP

FIG. 1. In vitro release kinetics for recombinant human bone morphogenetic protein (BMP)-2 released from FR + BMP and
SR + BMP scaffolds and the collagen sponge. (A) Cumulative release. (B) Daily release. FR, fast release; SR, slow release.
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groups. It was observed (Fig. 4D) that the ossified callus
maintained a significantly greater volume of the original
bone defect open in the FR + BMP group (79%) at both 4
( p < 0.001) and 8 weeks ( p = 0.001) when compared to the
collagen + BMP group (49%). In addition, the distribution of
bone volume within the callus (BV/CV) was also signifi-
cantly denser in the collagen + BMP group at 4 weeks than
the FR + BMP group ( p < 0.001), whereas no significant dif-
ferences ( p = 0.12) were observed at 8 weeks between groups
(Fig. 4E). When the bone regenerated along the length of the
6 mm was evaluated for the collagen + BMP and FR + BMP
groups at 4 and 8 weeks, it was observed that the FR + BMP
group showed more bone at all locations within the defect at
both 4 and 8 weeks (Fig. 5).

Representative histological sections cut from each of the
BMP-treated groups are shown in Figure 6. In the 4-week

samples, the PUR scaffolds are still visible, but the collagen
carrier has been degraded. There is inconsistent bone forma-
tion in the collagen + BMP sample within the defect, some in
continuity with the host cortex as well as some marrow in-
filtration and scattered blood vessels. In addition, many of the
collagen + BMP samples showed substantial prolapse of skel-
etal muscle into the defect area. Both the SR and FR blank
scaffolds and SR + BMP groups show polymer with some
marrow, skeletal muscle, and fibrous tissue infiltration into
the pores, but blunted callus formation at both ends of the
defect. The FR + BMP scaffolds show osteoid formation within
the callus along the longitudinal axis in line with host cortex.
On higher magnification, within the scaffold architecture there
is a remarkably consistent pore tissue pattern with concentric
rings of large blood vessels at the pore edge surrounding new
bone with osteoid on the inner edge and/or outer surface,
which in many cases surrounded new marrow at the center of
the pore (Fig. 7). Smaller blood vessels were consistently
found throughout inner volume of the pores. This pattern was
very consistent throughout the FR + BMP group and was not
seen in any specimens from other treatment groups.

At 8 weeks, considerable organized mineralized bone had
formed in the FR + BMP samples. The representative histo-
logical section of an FR + BMP scaffold in Figure 8 (the ap-
proximate boundary of the implant is denoted by the box)
shows a mature and fully bridged periosteal callus, which
was observed in 4 out of 10 FR + BMP scaffolds compared to
1 out of 10 in the collagen + BMP treatment group (not sta-
tistically significant, p = 0.3). This trend is in agreement with
the microCT images showing more new periosteal bone
formation and bridging at the cortexes in the FR + BMP
group. The collagen + BMP also showed mineralized perios-
teal and endosteal bone formation. Mineralized new bone in
the remaining three groups was only observed at the ends of
the defect and bridging did not occur.

In agreement with the microCT results, there was signifi-
cantly more mineralized bone ( p < 0.002) in the colla-
gen + BMP and FR + BMP samples at both the 4- and the
8-week time points versus all other groups as measured by
histomorphometry. However, there was no significant dif-
ference in the amount of new bone formation in the FR +
BMP scaffolds compared to collagen + BMP scaffolds at ei-
ther time point ( p > 0.9) (Fig. 9A). The amount of PUR re-
maining in the FR and FR + BMP scaffolds at 4 and 8 weeks
as measured by histomorphometry is plotted in Figure 9B.
The PUR component in the FR scaffolds was 60 area% at
week 4 and 42 area% at week 8, compared to 51 area% at
week 4 and 46 area% at week 8 for FR + BMP scaffolds. While
the PUR component decreased from week 4 to 8 for both
treatment groups, the reduction in PUR area% with time was
significant only in the FR group ( p < 0.001). Further, the
difference in PUR area% between the FR and FR + BMP
scaffolds at each time point was not significant ( p = 0.764).

Discussion

The osteogenic potential of PUR scaffolds incorporating
rhBMP-2 with two different release strategies was com-
pared to that of the collagen sponge delivery system in
critical-sized segmental defects in rat femora. Considering a
previous study showing that critical-sized defects treated
with an empty collagen sponge treatment with rhBMP-2 do

FIG. 2. Analysis of new bone formation as measured by
microcomputed tomography (microCT). (A) Bone volume.
Collagen + BMP and FR + BMP were significantly higher than
the other at 4 and 8 weeks. FR + BMP had significantly more
bone than collagen + BMP at both time periods. *p < 0.001;
**p < 0.001. (B) Bone density. All groups significantly in-
creased density between 4 and 8 weeks. FR + BMP was sig-
nificantly less than all other groups at 4 and 8 weeks.
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not support new bone formation,42 an empty collagen
sponge was not included in the study design. At both 4 and 8
weeks, microCT analysis demonstrated that the PUR scaffold
characterized by a burst followed by a sustained release
(denoted FR + BMP) formed *50% more bone than the col-
lagen + BMP. In contrast, the amount of new bone formed in
the PUR scaffold with only a sustained release of rhBMP-2
(SR + BMP) was comparable to that formed in the PUR
scaffolds not incorporating rhBMP-2 (FR and SR negative
controls). Representative histological sections of the FR +
BMP scaffolds (Fig. 7) revealed a remarkably consistent and
unique pattern of new bone and marrow surrounded by a
ring of osteoid, large blood vessels, and osteoblasts (identi-
fied as cuboidal cells on the osteoid surface) within the pores
of the PUR scaffolds. When compared to the other treat-
ments, this highly ordered structure and organization of the
bone and marrow provides additional qualitative evidence
that the FR + BMP system may have enhanced bone regen-
eration and reconstitution of marrow. It is possible that re-
sorption of new bone was important to allow infiltration of
the new marrow; however, this was not assessed here.

The limitations of the collagen sponge delivery system have
been recognized,43 which has prompted considerable discus-
sion and investigation of improved delivery systems for
rhBMP-2.13,23–25 For large critical-sized defects that cannot
heal spontaneously, a burst release that recruits osteopro-
genitor cells into the scaffold, followed by a sustained release
that promotes osteoblastic differentiation has been suggested
as the ideal release strategy for rhBMP-2.23 However, whereas
this concept of the ideal delivery system is generally accepted,
few studies have systematically compared different release
strategies, especially in more challenging bone defects.23,25

A sub-optimal delivery system does not exploit the full
potential of the released growth factor, thereby requiring

doses that substantially exceed the therapeutic level.23 In the
present study, we used 2 mg rhBMP-2 (47 mg cm - 3), which is
relatively close to the lower limit of the osteogenic threshold
in rodents (13mg cm - 3). Delivering doses greater than 2 mg of
rhBMP-2 on a collagen sponge has been shown to dramati-
cally increase the amount of bone in a very similar rodent
model,44 where 5 and 10 mg rhBMP-2 produced 48 and 91%
more bone than the 2mg dose, respectively. At the relatively
low dose of 2 mg, the effects of pharmacokinetics on bone
formation may be more distinct. In the present study, the
combined burst and sustained release achieved with the
FR + BMP scaffolds was more effective than the collagen
sponge at the relatively low dose of rhBMP-2 investigated,
thereby suggesting that the FR + BMP scaffold is a more ef-
ficient delivery system. Hence, the PUR scaffold approach
may reduce the dose, and therefore the associated safety
concerns and cost that is required to maximize the benefits of
rhBMP-2 in patients.8

Both the physical properties and pharmacokinetics of the
FR + BMP scaffold are believed to contribute to its superior
performance compared to the collagen sponge delivery sys-
tem. Key properties of the scaffold include high porosity,
interconnected pores > 100 mm that support cellular infiltra-
tion and mass transfer, high surface-to-volume ratio,23 and
controlled degradation to nontoxic breakdown properties.
The PUR scaffolds investigated in this study exhibit these
key physical properties.28 Further, the observation of re-
generated bone grown in direct contact with the PUR scaf-
fold, even in the absence of rhBMP-2, suggests it is also
osteoconductive and highly compatible for bone tissue
engineering. Finally, the need to maintain defect volume is
important in many clinical applications. As shown in Figure
4D, the resilient elastomeric mechanical properties of PUR
scaffolds provided significantly improved space mainte-

FIG. 3. Representative
microCT images of new bone
formation (all images are
scaled from 18 mm in length
along the longitudinal axis).
Coll, collagen.
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nance compared to the collagen sponge ( > 78% for PUR
scaffolds compared to < 50% for the collagen scaffolds) at
both 4 and 8 weeks ( p < 0.001). This observation is in
agreement with previous studies reporting that the collagen
sponge lacks sufficient structural integrity to prevent soft
tissue from prolapsing into the defect site.45,46

To effectively enhance bone regeneration, the release of
rhBMP-2 must be localized to the defect site as well as reg-
ulated.25 While the release of rhBMP-2 from the collagen
sponge is adsorption controlled,43 release of rhBMP-2 from
PUR scaffolds is diffusion controlled,27,29,37 and the phar-
macokinetics can be modified by encapsulating the growth
factor in microspheres of varying size.37 The FR + BMP
scaffold exhibited a biphasic release wherein 58% of the
growth factor was released up to day 4 and an additional
13% released from days 5 to 21, which was the last time point
measured. In contrast, the collagen sponge showed a bolus
release, wherein 92% of the rhBMP-2 was released on day 1
and 100% on day 2 under in vitro conditions. Under in vivo
conditions the release of rhBMP-2 from the collagen sponge
has been reported to be more sustained, exhibiting a burst
release followed by a sustained release until day 14.23,47 The
absence of in vivo pharmacokinetics data for collagen + BMP

and FR + BMP limits the interpretation of the effects of the
release profile on bone regeneration. However, the in vitro
data suggest that the more sustained release from FR + BMP
scaffolds for up to 3 weeks contributes to improved regen-
eration. This observation is consistent with previous studies
demonstrating that rhBMP-2 available at later time points
enhances bone regeneration due to additional osteopro-
genitor cells at the fracture site at later timepoints.19–21

Surprisingly, there was not significantly greater new bone
area at 8 weeks compared to 4 weeks within the treatment
groups. Interestingly, whereas the volume of new bone did
not significantly increase with time, 4 of the 10 of the FR +
BMP scaffolds showed extensive formation of periosteal new
bone that bridged the host cortices (Fig. 8) at 8 weeks,
compared to only 1 of the 10 collagen + BMP sponges. This
pattern of periosteal callus formation is consistent with the
process of fracture healing, wherein osseous tissue replaces
cartilage via endochondral ossification of a hypertrophic
callus,48 although mechanical testing is needed to specifically
address the functional consequences of this observation. By 4
weeks the collagen sponge had completely degraded, re-
sulting in complete release of rhBMP-2. Hence, there was no
exogenous stimulus for more bone formation. In contrast, the

FIG. 4. (A) Schematic showing how the defect volume was analyzed from microCT images by distinguishing (B) callus
volume region and (C) bone defect region. Comparison of (D) ossified callus space maintenance and (E) bone volume within
the callus between the collagen + BMP and FR + BMP groups at 4 and 8 weeks. *p < 0.01. Color images available online at
www.liebertonline.com/tea
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scaffold pores in the FR + BMP materials were fully infil-
trated with bone, vasculature, and an apparently mature
marrow at 4 weeks. The rate of polymer degradation (Fig.
9B) in the FR + BMP scaffolds was slow, decreasing from 51%
of the total area at week 4 to 46% at week 8, which was not a

significant difference. Thus, the rates of polymer degradation
and anticipated bone regeneration are not matched, which
likely hinders the rate of new bone formation.23

The polymer degradation data contrast with our previous
study investigating the effects of recombinant human platelet-

FIG. 6. Representative histo-
logical sections at low magnifi-
cation (1.25 · ) showing cellular
infiltration and new bone for-
mation in collagen + BMP, FR +
BMP, and SR + BMP. Color
images available online at
www.liebertonline.com/tea

FIG. 5. Regenerated bone area in each 8.77 mm cross section of the defect from the distal to the proximal interface showing
the FR + BMP group leads to greater bone regeneration at every location compared to the collagen + BMP group at both 4 and
8 weeks. Color images available online at www.liebertonline.com/tea
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derived growth factor (rhPDGF) delivered from PUR scaffolds
on healing of excisional wounds in rats.27 In the absence of
rhPDGF, the amount of polymer decreased from 55% on day
3 to 25% on day 14. rhPDGF delivered from the scaffolds

accelerated polymer degradation, as evidenced by the de-
crease in polymer fraction from 40% on day 3 to 5% on day 14.
The accelerated degradation was attributed to enhanced re-
cruitment of macrophages,27 which secrete reactive oxygen

FIG. 8. Representative his-
tological section at low mag-
nification (1.25 · ) showing
callus formation in FR + BMP
scaffolds at 8 weeks. OC,
original cortex; NC, new
cortex. The box denotes the
approximate boundary of the
scaffold implanted in the
defect site. Color images
available online at www
.liebertonline.com/tea

FIG. 7. Representative histological sections of collagen + BMP and FR + BMP treatment groups at high magnification (20 · )
showing osteoprogenitor cells (C), blood vessels (BV), osteoid (OS), new bone formation (NB), and residual polyurethane
(PUR) scaffold. Color images available online at www.liebertonline.com/tea
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species (ROS) that actively degrade lysine-derived PURs.49

However, in the present study, there was no evidence of cell-
mediated degradation of the scaffold, and the rate of degra-
dation approximated the in vitro hydrolytic rate.28

The SR + BMP scaffolds characterized by a sustained re-
lease of rhBMP-2 with no burst did not yield significantly
more bone than either the SR or FR negative controls (Fig.
2A). The absence of significant new bone formation in SR +
BMP scaffolds was surprising, considering our previous
study showing that SR + BMP scaffolds promoted signifi-
cantly more bone formation relative to the PUR scaffold
without rhBMP-2.37 This and other studies50 show that
PLGA is an effective delivery system for rhBMP-2, and that
the inability of the SR + BMP scaffolds to promote bone for-
mation in the present study cannot be attributed to adverse
interactions between PLGA and rhBMP-2. Encapsulation of
rhBMP-2 in 1.3 mm PLGA microspheres eliminated the burst
release of rhBMP-2 from SR + BMP scaffolds,37 thereby re-
ducing the chemoattractant stimulus23 that recruits osteo-

progenitor cells into the scaffold. In another study
investigating bone formation in 6-mm critical-sized rat fem-
oral segmental defects, a linear release of rhBMP-2 exhibiting
no burst (50% release after 21 days) promoted robust new
bone formation at a dose of 6.6 mg, compared to 2.5 mg for the
present study.51,52 Thus, the combination of the negligible
burst release and the low dose of rhBMP-2 was the likely
reason for failure of the SR + BMP scaffolds to promote bone
formation in the present study. In contrast, we have previ-
ously shown that SR + BMP scaffolds formed significantly
more new bone than the SR scaffold when implanted in a rat
femoral condyle plug defect.37 Hence, the anatomic site may
significantly impact the preferred release profile,23 suggest-
ing that caution should be used when extrapolating results
across different animal models and anatomical sites. More-
over, higher doses of rhBMP-2 mask differences in bone re-
generation observed for different release profiles.

Injectable biomaterials are of interest in orthopedics due to
their potential for use in minimally invasive surgical proce-
dures. A recent review has noted that injectable biomaterials
generally do not possess a defined pore structure, which
limits their effectiveness due to the reduction in tissue in-
growth.53 Advantages of the PUR scaffolds investigated in
this study include their injectability and the distinct ability to
form pores with the desired size distribution through the gas
foaming reaction in situ. We have previously shown that
porous composites comprising a two-component reactive
PUR and allograft bone particles (*180 mm mean size) in-
jected into femoral plug defects in rats supported rapid cel-
lular infiltration and new bone formation as early as 3 weeks
without additional growth factors.35 Addition of rhBMP-2 as
a labile powder to the injectable PUR composite is thus a
potentially promising injectable delivery system that is under
investigation in our laboratories.

Conclusion

A burst followed by a sustained release of rhBMP-2 from a
biodegradable PUR scaffold regenerated 50% more new
bone compared to a collagen sponge loaded with rhBMP-2 in
a rat critical-sized femoral defect during the first 4 weeks. No
differences in new bone formation were observed at 8 weeks.
This study demonstrated that an improved release profile for
rhBMP-2 can be achieved using PUR scaffolds, and that this
enhanced pharmacokinetics regenerated more bone than the
clinically available standard of care in a critical-sized defect
in rat femora. The very slow rate of polymer degradation is
believed to be responsible for the lack of increase in BV be-
tween 4 and 8 weeks in the FR + BMP scaffolds, though this
requires future investigation. Strategies for increasing the
rate of scaffold degradation while maintaining the desired
release kinetics and scaffold characteristics are needed to
fully realize the osteogenic potential of rhBMP-2.
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